Cardiac stem cells (CSCs) have been identified in the adult heart, but the microenvironment that protects the slow-cycling, undifferentiated, and self-renewing CSCs remains to be determined. We report that the myocardium possesses interstitial structures with the architectural organization of stem cell niches that harbor long-term BrdU-retaining cells. The recognition of long-term labelretaining cells provides functional evidence of resident CSCs in the myocardium, indicating that the heart is an organ regulated by a stem cell compartment. Cardiac niches contain CSCs and lineagecommitted cells, which are connected to supporting cells represented by myocytes and fibroblasts. Connexins and cadherins form gap and adherens junctions at the interface of CSCs-lineagecommitted cells and supporting cells. The undifferentiated state of CSCs is coupled with the expression of ␣4-integrin, which colocalizes with the ␣2-chain of laminin and fibronectin. CSCs divide symmetrically and asymmetrically, but asymmetric division predominates, and the replicating CSC gives rise to one daughter CSC and one daughter committed cell. By this mechanism of growth kinetics, the pool of primitive CSCs is preserved, and a myocyte progeny is generated together with endothelial and smooth muscle cells. Thus, CSCs regulate myocyte turnover that is heterogeneous across the heart, faster at the apex and atria, and slower at the base-midregion of the ventricle.
T he notion that the heart exerts its function until the death of the organism with the same myocytes that are present at birth (1) has been challenged. Activation of cyclins and cyclin-dependent kinases, BrdU incorporation, and expression of Ki67, MCM5, cdc6, and phosphohistone-H3 have been shown in myocytes, together with karyokinesis and cytokinesis (2) . The search for the origin of dividing myocytes led to the identification of a population of primitive cells with the characteristics of stem cells (SCs) in humans (3) and animals (4) (5) (6) (7) (8) . In self-renewing organs, SCs are stored in niches that constitute the microenvironment in which SCs are maintained in a quiescent state (9) . After activation, SCs replicate and migrate out of the niches to sites of cell replacement where they differentiate and acquire the adult phenotype. Niche homeostasis is regulated by division of SCs, which preserves the ideal proportion of primitive and committed cells within the organ (9, 10) .
Although cardiac SCs (CSCs) have been found, the myocardial structure in which CSCs and early lineage-committed cells (LCCs) are nested together remains to be identified. Similarly, the supporting cells that are intimately connected with the CSCs-LCCs within the niches have not been recognized. This identification is of crucial importance, because CSCs cannot exist in the absence of supporting cells, which anchor SCs to the niche and modulate growth signals, resulting in the formation of a cardiac progeny. These biological variables define whether the heart is capable of significant myocyte regeneration. Asymmetric division of CSCs generates CSCs and LCCs that move out of the niches and replace old, poorly contracting myocytes. Conversely, symmetric division of a CSC gives rise to two CSCs or two LCCs. Although asymmetric division may have a prominent impact on niche homeostasis and myocyte turnover, symmetric division could be involved in emergency situations demanding a rapid formation of CSCs or cardiomyocytes. SC destiny depends on cell fate determinants, which include Numb and ␣-adaptin (9, 10), whose role in CSCs is unknown.
We have identified the components of cardiac niches and the contribution of CSC symmetric and asymmetric division to heart homeostasis. The functional properties and growth kinetics of CSCs have been defined by BrdU-retaining assays, because the long-term label-retaining property of a cell documents its stemness, while the progressive dilution of the label identifies the formed progeny (11) .
Results

CSC Clusters.
Although a niche can include a single SC, we have directed our search to clusters of CSCs and early LCCs. These nests were present in the atria, base-midregion, and apex, and consisted of lineage-negative (Lin Ϫ ) c-kit ϩ , MDR1 ϩ , or Sca-1 ϩ cells assembled with LCCs. By definition, CSCs exhibit SC antigens (c-kit, MDR1, Sca-1) but do not express transcription factors or membrane and cytoplasmic proteins of cardiac cells (3, 5) . Progenitors correspond to cells in which the epitope of stemness coexists with transcription factors indicative of myocytes, endothelial cells (ECs), or smooth muscle cells. Precursors are a step farther in the differentiation process: The cytoplasm contains specific myocyte, EC, or smooth muscle cell proteins. More differentiated cells possess lineage-related nuclear and cytoplasmic proteins in the absence of SC antigens ( Fig. 1 A-C) . Capillaries were occasionally seen at the periphery of pockets of CSCs-LCCs, which were all CD45-negative ( Fig. 6 and Table 1 , which are published as supporting information on the PNAS web site). The sporadic and scattered location of capillaries within the niches, together with the absence of hematopoietic cell markers on CSCs, pointed to the non-bone marrow origin of cardiac primitive cells.
3,3,3Ј,3Ј-tetramethylindocarbocyanine, which integrates stably within the cell membrane (12) . Labeled c-kit ϩ CSCs-LCCs (green and red) were plated with unlabeled myocytes, fibroblasts, or ECs. The appearance of green fluorescence in unlabeled cells, in the absence of red fluorescence, indicated the transfer of calcein through the formation of gap junctions. Calcein translocated from c-kit ϩ CSCs-LCCs to myocytes and fibroblasts but not to ECs, suggesting that myocytes and fibroblasts function as supporting cells. This finding was confirmed by the identification of connexin 43 and 45 between c-kit ϩ CSCs-LCCs and myocytes and fibroblasts by confocal microscopy (Fig. 2) . When the gap junction-blocker heptanol was added to the coculture of c-kit ϩ CSCs-LCCs and myocytes, calcein transfer did not occur, despite the expression of connexin at the interface of the two cell types (see Figs. 8 and 9, which are published as supporting information on the PNAS web site).
Integrin Receptors. In the niches, ␣ 4 -integrin defined the plasma membrane of Lin Ϫ CSCs; it was not expressed in LCCs (Fig. 3 A and  B) . ␤ 1 -integrin was detected in both CSCs and LCCs ( Fig. 3 C and  D) . The ␣ 2 -chain of laminin paralleled the localization of ␣ 4 -integrin ( Fig. 3 E-H) . Laminin-8͞9 and -10͞11 were present in the niches and myocardium (data not shown). Niches were surrounded by myocytes, but a basal lamina was not observed. Fibronectin accumulated on the surface of Lin Ϫ CSCs together with ␣ 4 -integrin (see Figs. 10 and 11, which are published as supporting information on the PNAS web site). The colocalization of the ␣ 2 -chain of laminin and fibronectin with ␣ 4 -integrin was restricted to Lin Ϫ CSCs, suggesting that this discrete ligand-receptor interaction was implicated in the preservation of the undifferentiated state of CSCs. In this regard, inhibition of ␣ 4 -integrin promotes mobilization of bone marrow progenitor cells (13) , providing evidence for the critical role of ␣ 4 -integrin in CSC homeostasis. Also, ␣ 4 -integrin induces the renewal of hematopoietic SCs (14) . Cardiac Niches. Niches were defined as randomly oriented ellipsoid structures constituted by cellular and extracellular components. Fifty niches each were measured in the atria, base-midregion, and apex. The average volume of niches was Ϸ11,000 m 3 . However, atrial niches were Ϸ2.0-fold larger than ventricular niches. The number of niches per mm 3 of atrial and apical myocardium was Ϸ8-fold higher than at the base-midregion (Fig. 12 , which is published as supporting information on the PNAS web site). The number of CSCs-LCCs within atrial niches was higher than in other areas and depended on the size of the niches. Atria and apex were the preferential storage sites of Lin Ϫ CSCs (Fig. 12 ).
Long-Term Label-Retaining Assay. Four and 12 injections of BrdU were performed at 12-hour intervals in two groups of mice over a period of 2 and 6 days, respectively. A third group was treated in an identical manner for 6 days, and animals were killed after a chasing period of 10 weeks. Bright and dim BrdU-labeled Lin Ϫ CSCs were distinguished on the basis of fluorescence intensity (Fig. 4 A-D , and see Materials and Methods). The number of bright BrdU-Lin Ϫ CSCs in the atrial niches increased 140% from 2 to 6 days but decreased 91% after 10 weeks of chasing. Of 257 bright BrdU-Lin Ϫ CSCs at 6 days, only 23 cells retained this characteristic at 10 weeks, constituting the slow-cycling SC pool in this portion of the heart (Fig. 13 , which is published as supporting information on the PNAS web site). At the base-midregion and apex, bright BrdU-Lin Ϫ CSCs increased 80% and 130% from 2 to 6 days and decreased 88% and 91% after chasing, respectively. Dim BrdU-Lin Ϫ CSCs increased from to 2 to 6 days, but, in contrast to bright BrdU-Lin Ϫ CSCs, dim BrdU-Lin Ϫ CSCs increased dramatically after chasing: 16-fold in the atria, 13-fold at the base-midregion, and 16-fold at the apex (Fig. 13) . The aggregate number of Lin Ϫ CSCs within the niches did not change over a period of 10 weeks in young mice. Thus, the growth kinetics of Lin Ϫ CSCs tends to preserve the pool of primitive cells within the niches. The recognition of long-term label-retaining cells provides functional evidence of resident CSCs in the adult heart. Division of CSCs. The long-term label-retaining assay indicated that Ϸ10% of Lin Ϫ CSCs are slow-cycling and conform to the paradigm of SCs. The BrdU pulse͞chase protocol, however, did not provide information regarding the pattern of growth at the single SC level. For this purpose, numerous niche profiles were viewed ( Table 2 , which is published as supporting information on the PNAS web site), and 18, 17, and 20 Lin Ϫ c-kit ϩ CSCs in mitosis were detected in the atria, base-midregion, and apex, respectively. The presence of Numb and ␣-adaptin at the two poles of cycling CSCs (for symmetric division, see Fig. 4 E-G) and the restricted localization of Corresponding values at the base-midregion were 10 asymmetric and 7 symmetric and, at the apex, 14 asymmetric and 6 symmetric. Thus, asymmetric division was more prevalent than symmetric division (P Ͻ 0.02). The CSC mitotic index did not vary in the three portions of the heart, and, because of the low frequency of CSC mitosis, it was difficult to establish whether groups of niches were preferentially activated. Similarly, the limited sampling of mitotic CSCs in each cardiac region did not allow us to establish whether this process had a privileged anatomical localization. To obtain additional information about CSC proliferation, c-kit ϩ cells were cultured in growth medium to promote cell division. On the basis of the compartmentalization of ␣-adaptin and Numb, symmetric division accounted for 38 Ϯ 7% and asymmetric division for 62 Ϯ 7%. These patterns of cell growth were confirmed by the detection of GATA-4 as a marker of cell commitment (Fig. 4 K-N) .
Myocyte Turnover. Myocyte formation was assessed by measuring the fraction of BrdU ϩ cells 6 days after BrdU administration and after 10 weeks of chasing. BrdU-bright myocytes at 10 weeks were cells that experienced a limited number of divisions, whereas more rounds of doublings had to occur in myocytes with intermediate levels of labeling. These myocyte classes were assumed to correspond to amplifying myocytes, which incorporated BrdU at the time of injection and continued to divide and differentiate. Conversely, BrdU-dim myocytes were considered the progeny of cycling CSCs, which became BrdU ϩ at the time of injection and gave rise to a large number of committed cells. Clusters of BrdU-dim myocytes, together with BrdU-bright myocytes, were observed in the ventricle, whereas a more dispersed pattern of labeling was seen in the atria and apex (Fig. 5 A and B) . The percentage of BrdU-bright myocytes detected at 6 days decreased markedly after 10 weeks, whereas BrdU-dim myocytes increased (Fig. 5C) .
The apex had 19% BrdU-labeled myocytes, the atria 15%, and the base-midregion 10%. The BrdU data at 6 days and at 10 weeks provided us with the magnitude of cell turnover in the myocardium (see Materials and Methods). These results were complemented with the measurements of myocyte progenitors-precursors (LCCs) ( Table 3 , which is published as supporting information on the PNAS web site), which, together with the CSC number, were used to evaluate the half-life of myocytes. Myocytes located at the basemidregion have a half-life 2-fold longer than atrial and apical myocytes, suggesting that myocyte turnover is high (Fig. 5D) . 
Discussion
The heart typically shows discrete structures in the interstitium where CSCs and LCCs are clustered together, forming cardiac niches. The documentation that SC niches are present in the adult myocardium has been based on the identification of these pockets of CSCs-LCCs and the detection of cell-to-cell contact between CSCs-LCCs and myocytes and fibroblasts. In the heart and other self-renewing organs, SCs are connected structurally and functionally to the supporting cells by junctional and adhesion proteins represented by connexins and cadherins (15) . Connexins are gap junction channel proteins that mediate passage of small molecules involved in cell-to-cell communication (16) . Cadherins are calciumdependent transmembrane adhesion molecules, which have a dual function: They anchor SCs to their microenvironment and promote a cross-talk between SCs and between SCs and nurse cells (15) . Cardiac niches create the necessary, permissive milieu for the long-term residence, survival, and growth of CSCs.
The arrangement of CSCs-LCCs and supporting cells in the cardiac niches is similar to that found in the bone marrow (17) and brain (18) , providing elements of analogy for these organs. In the bone marrow, osteoblasts and stromal cells function as supporting cells (18, 19) . They can be considered the equivalent of myocytes and fibroblasts found here in the heart. ECs do not operate as nurse cells in the heart, but ECs are the candidate supporting cells in the brain (20) and may have a comparable role in the bone marrow (21) . An uninterrupted basal lamina delimits neural and epithelial niches, but it is not present in the bone marrow (9) or, as shown here, in the heart.
Integrins are adhesion receptors for the attachment of cells to the extracellular proteins fibronectin and laminin (22) . ␤ 1 -Integrin is commonly found on the surface membrane of primitive and committed cells within the niches (23) . Fibronectin and the ␣ 2 -chain of laminin are ligands for ␣ 4 ␤ 1 -integrin (23, 24) . The colocalization of the ␣ 2 -chain of laminin and fibronectin with ␣ 4 -integrin was restricted to Lin Ϫ CSCs, suggesting that ␣ 4 -integrin binding may be typically involved in the preservation of stemness of CSCs. ␤ 1 -Integrin is highly expressed on the interfollicular SCs of the epidermis (11) and in neural SCs (23), whereas ␣ 4 -integrin has been linked to the renewal of hematopoietic SCs (14) . The ␣ 2 -chain of laminin is detected in SCs of the skin and intestinal crypts (25) but is not seen in bone marrow SCs (26) . Laminin-8͞9 and -10͞11 are typical components of bone marrow niches (26) but lack this preferential localization in the heart. By inference, in cardiac niches, the ␣ 2 -chain of laminin and fibronectin transduce mechanical signals from the extracellular compartment to the ␣ 4 ␤ 1 -integrin receptor, which activates effector pathways opposing CSC commitment and differentiation.
Homeostasis of cardiac niches is mediated by asymmetric and symmetric division of CSCs. Asymmetric division predominates, and, by this mechanism, CSCs protect their pool and generate a committed progeny. The uniform and nonuniform localization of Numb and ␣-adaptin, together with the identification of phosphohistone-H3 expression, (3) was determined to define symmetric and asymmetric division, respectively. The intracellular segregation of these proteins at the time of mitosis constitutes the intrinsic determinant of SC fate. Numb and ␣-adaptin interact to enable primitive cells to produce differently destined sibling cells (27) . Numb is expressed from late prophase to telophase and in the early stages of life of the daughter cell (28) . Numb localizes to endocytic vesicles, where it binds to the endocytic protein ␣-adaptin, promoting the internalization and inactivation of the Notch receptor (29) . Numb-negative cells retain their responsiveness to Notch and adopt the fate associated with Notch activation (30) .
The prevailing inhomogeneous localization of Numb and ␣-adaptin in cycling CSCs controls the production of daughter cells, which follow divergent paths. The BrdU pulse͞chase assay conformed to this pattern of asymmetric CSC division. Over time, the number of CSCs-LCCs confined to the niches remains constant, suggesting that asymmetric kinetics characterizes most of the growth of CSCs in the myocardium. This mechanism of cell renewal has been described as ''invariant'' (11) , and it typically occurs in an organ in a steady state. Pathological conditions, including ischemiareperfusion injury lead to the formation of reactive oxygen species. Oxidative stress triggers distinct cellular responses; low levels initiate growth, intermediate degrees promote apoptosis, and high magnitudes mediate cell necrosis (31) . Whether CSCs-LCCs within the niches react to the oxidative challenge in a similar manner is a critical, unanswered question.
Materials and Methods
Hearts of FVB͞N mice at 3 months of age were studied. The volume, composition, and number of cardiac niches were measured. A subgroup of animals was injected with BrdU for 2 and 6 days and killed at 2 days, 6 days, and after 10 weeks of chasing. By this approach, bright and dim BrdU ϩ CSCs and myocytes were counted (see Supporting Materials and Methods and Table 4 , which are published as supporting information on the PNAS web site).
